Near-isogenic sunflower lines containing 25% (inbred RHA280) and 48% (RHA801) oil by seed dry mass were comparatively analyzed in biological triplicate at 18 days after flowering using two-dimensional (both pI 3-10 and 4-7) Difference Gel Electrophoresis. Additionally, two inbred lines varying in oleic acid content, HA89 (18% oleic) and HA341 (89% oleic), were also analyzed in the same manner. Statistical analyses of these sunflower lines was performed beginning with fitting a mixed effects linear model to the log-transformed optical volume of each spot to account for gel variation, followed by testing the significance between varieties for mean transformed optical spot volumes. The p-values from the spot analysis procedures were then used to find the cutoff point for differential expression using a 10% false-discovery rate (FDR). Comparison of the oil content and oleic acid composition lines revealed 77 and 42 protein spots below the 10% FDR cutoff, respectively, and were therefore declared differentially expressed. Liquid chromatography-tandem mass spectrometry analysis of each of these protein spots resulted in assignments for 44 and 17 spots, respectively. Fructokinase, plastid phosphoglycerate kinase, and enolase proteins were determined to be up-regulated in the high oil line, while phosphofructokinase, cytosolic phosphoglucomutase, and cytsolic phosphoglycerate kinase were up-regulated in the low oil variety. Additionally, four activities involved in amino acid synthesis were up-regulated in the low oil variety in addition to 12S storage proteins and a protein similar to legumin storage protein. Interestingly, two 2-DE spots identified as 14-3-3 proteins were found to be up-regulated in high oleic acid variety. Alteration of glycolytic and amino acid biosynthetic enzymes, as well as storage protein levels, suggests seed oil content is tightly linked to carbohydrate metabolism and protein synthesis in a complex manner.
Introduction
Oilseed crops vary considerably in oil content ranging from 16% to 45%. 1 This wide variation is in part due to anatomical and morphological differences, particularly with respect to seed coat, embryo, and endosperm contribution to overall seed structure. 2, 3 Differences in metabolic regulation leading up to and including de novo fatty acid synthesis, 4, 5 as well as structural packaging of storage triacylglycerol, 6 may also contribute to this wide variation. However, these differences can be difficult to unveil amidst a background of evolutionarilydivergent traits including embryo size. To better understand this complex metabolic trait, targeted analysis of isogenic or near-isogenic cultivars from the same plant species is a more direct approach.
Sunflower has been bred for over 60 years primarily for increased seed kernel (referred to as achene in sunflower) size and oil content. Edible sunflower (Helianthus annus) oil is characterized by high levels of oleic acid, although low oleichigh linoleic varieties are also cultivated. The availability of near-isogenic cultivars varying in achene oil content, from 25% to 48%, as well as oleic acid composition (18-89%) , presented an opportunity to query the biochemical basis for these agronomically important traits which in the case of oil content has proven to be highly elusive using traditional biochemical and molecular genetic approaches. Additionally, sunflower germplasm isogenic for high and low oleic acid was previously shown to involve a mutation in the stearoyl-acyl carrier protein desaturase; 7 however, segregation analyses suggest additional genes influence this trait. This finding is surprising as the complete pathway for de novo fatty acid synthesis is known in plants, although there is a general lack of understanding about regulatory factors that may influence metabolic traits.
As a contemporary systems biological approach, proteomics allows one to directly investigate changes in protein expression rather than predict them from transcript expression data. Moreover, some proteomics approaches including two-dimensional electrophoresis (2-DE) allow the direct detection of differences in post-translational status arising from the host of protein modifications in eukaryotic cells. A variation on the traditional 2-DE approach employs the use of sensitive, fluorescent Cyanine dyes that covalently react with primary amines through an activated N-hydroxysuccinimide ester moiety, also referred to as Difference Gel Electrophoresis (DIGE). 8, 9 This technology simplifies the challenges of spot matching among biological samples and also dramatically reduces the amount of protein required for gel loading which results in higher quality spot resolution and appearance. Although DIGE has been employed in bacterial, animal, and yeast quantitative proteomics investigations, there are very few reports in plants 10, 11 and no example of this approach to analyze near-isogenic germplasm for biomarkers responsible for quantitative trait loci such as oil content and composition.
Materials and Methods
Sunflower Germplasm and Genetic Background. Four sunflower (H. annuus L.) inbred lines RHA280 (PI 552943), 12 RHA801 (PI 599768), 13 HA89 (PI 599773), and HA341 (PI 509051) 14 were grown in the field at Corvallis, OR, in 2002. Seeds of each were acquired from the USDA National Plant Germplasm System North Central Regional Plant Introduction Station (http://www.ars-grin.gov/). RHA280 has low seed oil concentrations, brown-striped confectionery-type seeds, an opaque white hypodermis (Hyp Hyp), and unpigmented phytomelanin (p p), whereas RHA801 has high seed oil concentrations, black oil-type seeds, a transparent hypodermis (hyp hyp), and black phytomelanin (P P). 12, 13, 15 RHA280 and RHA801 are the parents of a recombinant inbred line (RIL) mapping population segregating for apical branching (B), 16 pericarp hypodermis pigment (Hyp), 17 and pericarp phytomelanin pigment (P) loci, in addition to quantitative trait loci (QTL) for several genetically correlated seed traits, for example, seed oil concentration, 100-seed weight, and kernel-to-pericarp weight ratio. 15, 18, 19 Tang et al. 15 reported seed oil concentrations of 254 g/kg for RHA280 and 481 g/kg for RHA801 from seed samples harvested from plants grown at Corvallis, OR, in 2000 and 2001.
HA341, a mutant (high-oleic) inbred line, was developed by selecting among BC1F2 and BC1F3 progeny from a cross between the wild-type (low-oleic acid) inbred line HA89 and Pervenets, an open-pollinated high-oleic acid cultivar. 12, 20 Pervenets (PI 483077) is the source (donor) of a dominant oleoylphosphatidylcholine desaturase (FAD2-1) mutation necessary for producing high-oleic acid concentrations in sunflower seed oils. 7, 21, 22 The fatty acid concentrations of HA89 and HA341 were previously quantified by gas chromatography. 7 HA89 produced 181.1 ( 12.8 g/kg oleic acid and 697.8 ( 15.8 g/kg linoleic acid, and HA341 produced 886.8 ( 12.8 g/kg oleic acid and 27.8 ( 10.8 g/kg linoleic acid.
The primary inflorescences of six plants per inbred line were bagged pre-anthesis and throughout flowering to exclude foreign pollen and prevent outcrossing. Physiologically immature (developing) kernels were harvested into liquid nitrogen 18 days after flowering (DAF) and stored at -80°C.
Protein Isolation, CyDye Labeling, and Two-Dimensional Gel Electrophoresis. Total protein was isolated from developing seed and subjected to two-dimensional protein electrophoresis (2-DE) as described previously. 23 Protein quantification was performed in triplicate using the Coomassie dye binding assay (Bio-Rad, Hercules, CA) against standard curve of chicken γ-globulin.
For difference gel electrophoresis (DIGE), the protein pellet was reconstituted in lysis buffer (30 mM Tris HCl, pH 8.5, 7 M urea, 2 M thiourea, and 4% (w/v) CHAPS) with gentle mixing for 30 min at room temperature followed by centrifugation for 15 min at 14 000g to remove insoluble material. Then, 50 µg of protein was taken and adjusted to final volume of 10 µL with lysis buffer. One microliter of CyDye (100 pmol) was added and incubated on ice for 30 min in the dark. High oleic acid (HA341) and oil (RHA801) inbreds were labeled with Cy5 and low oleic acid (HA89) and oil (RHA280) inbreds with Cy3. The labeling reaction was terminated with 1 µL of 10 mM lysine on ice for an additional 10 min in the dark. For isoelectric focusing (IEF), 50 µg of protein was mixed with equal volume of 2× sample buffer (8 M urea, 130 mM DTT, and 4% (w/v) CHAPS), incubated 10 min on ice, mixed with 2.25 µL of IPG buffer (GE Healthcare, Piscataway, NJ), and adjusted to total volume of 450 µL with sample buffer.
For preparative, colloidal Coomassie G-250 (CBB) stained gels, the protein pellet was resuspended in IEF sample extraction buffer (8 M urea, 2 M thiourea, 2% (w/v) CHAPS, 2% (v/v) Triton X-100, and 50 mM DTT) with gentle mixing. For IEF, 1 mg of total protein was mixed with 2.25 µL of appropriate IPG buffer in a total volume of 450 µL of IEF extraction buffer. DIGE Imaging, 2-DE Analysis, and Protein Identification. DIGE gels were scanned using an FLA-5000 dual photomultiplier laser scanner equipped with a Cy3/Cy5 dual emission filter (FUJI Medical, Stamford, CT). The photomultiplier tubes of this scanner collect 65 536 shades of gray (16 bit grayscale). MultiGauge software (FUJI Medical, Stamford, CT) automatically assigned a false color to each channel (Cy3, channel 1, red; Cy5, channel 2, green). DIGE images (16 bit TIFF) were analyzed using ImageMaster 2-D Platinum software (version 5.0, GE Healthcare, Piscataway, NJ). For pI 3-10 DIGE gels, only pI 7-10 region was analyzed; no spot groups were observed from pI 3-4. Protein abundance was expressed as relative volume according to the normalization method provided by ImageMaster software. Statistically significant, differentially expressed proteins were selected based on statistical modeling and false-discovery rate (FDR) as described below. The differentially expressed protein spots (FDR e10%) were excised from corresponding preparative CBB-stained 2-DE gel and trypsin-digested as described previously. 23 Liquid chromatography-tandem mass spectrometry using a ProteomeX LTQ ion trap (Thermo-Fisher, San Jose, CA) was performed according to manufacturer's instructions for high-throughput protein identification as described previously. 24 Statistical Analysis. Spot intensities are surrogates for the concentration of the proteins and peptides in the experimental samples. By the construction of a statistical model of the experiment, it is possible to account for both the random and fixed influences of experimental conditions and differences between varieties on the experimental results. The spot intensities from different gels but the same experimental varieties can be combined to give a refined estimate of the optical volume for the matched spots by treatment. The statistically corrected spot intensities can then be compared to determine a statistical measure of equality of protein concentration by treatment for each spot.
Given the optical volume measurements for matched spots, the first task is to test if a variance stabilizing transform of the spot volume data is suggested. The Box-Cox procedure 25 was applied to the experimental data Y. This procedure finds the λ such that the variance of the transformed data will be minimized. That is, Y′ ) Y λ , where s 2 {Y′} e s 2 {Y}. This procedure was used to find the optimal λ, which was λ ) 0, which implies a logarithmic transformation. The observed optical volume was then transformed Y′ ) log2(Y).
Next, a mixed linear model was fitted to the data. There is a random effect term in the model to account for the differences in optical volume for spots across gels. There is also a fixed effect term in the model to account for the difference between sunflower varieties, the term that is of experimental interest. This gives an expected optical volume for each spot for each variety. Also, t tests for all pair wise variety comparisons were computed. This associates with each comparison a p-value for each spot that is testing the hypothesis that the amount of protein in any given spot from both cultivars (or treatments) is equal. Sorting the list of spots into ascending order based on the p-values gives an ordered list of proteins that are present in different amounts from the statistically most likely to the least likely.
Given an ordered list of experimental spots, we can define the false discovery rate (FDR) 26, 27 to be the probability that entries in the set of the first j spots are in error. If φ is the desired FDR, and j is the largest j such that p-valuej e φj/n, then φ is the FDR for the first j list entries. The FDR is the probability that an entry in the ordered set of j proteins is not present in different concentrations between experimental varieties. FDR specifies the error rate that we expect in the first j experimental spots.
Database Querying with Mass Spectral Data. Tandem mass spectral data were searched in parallel against three databases: the National Center for Biotechnology Information (NCBI, ftp://ftp.ncbi.nih.gov/blast/) non-redundant database; NCBI UniGene database for Helianthus annuus (ftp://ftp.ncbi.nih.gov/repository/UniGene/Helianthus_annuus/); and The Institute for Genomic Research (TIGR) tentative consensus (TC) database for Helianthus annuus (http://www.tigr.org/tigrscripts/tgi/T_index.cgi?species)sunflower) (March 2005 curation for all three databases). For each excised 2-DE spot, the protein assignment with the highest number of unique matching peptides was selected. If two protein assignments gave the same number of matching peptides, the assignment with higher protein coverage was selected. Analysis of LC-MS/MS data was performed as described earlier. 24 Briefly, database searches were performed on a local licensed copy of Sequest 28, 29 as part of the BioWorks 3.1SR1 software suite (ThermoFisher, San Jose, CA). Search parameters were set as follows: enzyme, trypsin; number of internal cleavage sites, 2; mass range, 400-1600; threshold, 500; minimum ion count, 35; peptide mass tolerance, 1.50 Da; variable modifications, oxidation (M); static modification, carboxyamidomethylation (C). Matching peptides were filtered according to correlation scores (XCorr at least 1.5, 2.0 and 2.5 for +1, +2, and +3 charged peptides, respectively). For all protein assignments, a minimum of two unique, nonoverlapping peptides was required.
Results

2-DE Gel Analyses Reveal that the Majority of Sunflower Seed Proteins Migrate between pI 4 and 7.
To detect differentially expressed proteins, total proteins isolated from 18 DAF developing sunflower seeds of RHA280 (low oil), RHA801 (high oil), HA89 (low oleic acid), and HA341 (high oleic acid) inbreds were analyzed by 2-DE DIGE in biological triplicate (Figure 1) . Initial experiments were performed using broad range, pI 3-10 immobilized pH gradient (IPG) strips, which revealed that the majority of sunflower seed proteins migrated between pI 4 and 7. No reproducible 2-DE spots were observed from pI 3 to 4 and the spots between pI 7 and 10 represented less than 20% of the total spot volume. Proteins within pI range of 4-7 exhibited significant overlap, which is known to interfere with quantification and identification. 30 To alleviate this problem, medium range pI 4-7 IPG strips were employed to quantify and identify the bulk of differential protein spots. Using this strategy, it was possible to resolve proteins within pI 4-7 clearly, and the spot overlap problem was minimized, a critical first step for differential proteomics screens.
Application of Statistical Modeling and False Discovery Rate to Identify Differentially Expressed 2-DE Protein Spots.
Spots were detected and quantified independently from each CyDye TIFF image using ImageMaster Platinum. Protein expression data were subjected to comprehensive statistical analysis as outlined in Figure 2 . To ensure quality of data, protein spots needed to be present in each of the biological triplicate gels. Raw protein spot volumes were converted to relative volumes to account for sample loading variation and efficiency differences between the two fluorophores. Relative volumes were used to test for the optimal variance-stabilizing transform of the spot volume data. The Box-Cox procedure was applied to the experimental data Y to find the optimal variance stabilizing transform, the logarithm. Next, a mixed linear model was fit to the transformed data. Normally, a fixed effects term for the dye effect would be included in the model, but for this experiment, there was no dye-swap in the experimental design. However, an earlier study showed similar intensities and variation between NHS-activated Cy3 and Cy5 dyes, suggesting dye labeling and variation is inconsequential compared to the inherent technical and biological variation associated with 2-D DIGE. 9 However, this is not true for all fluorophores, as recent studies indicate that inclusion of a Cy2 internal standard introduces more variation than simple two-dye analyses, presumably due to the poor molar absorptivity and high background observed with Cy2. [31] [32] [33] In this statistical model, there are terms to account for the differences in optical volume for spots across gels and also a fixed effect term in the model to account for the treatment effect, the term that is of experimental interest. This associates, with each treatment comparison, a p-value for each spot that is testing the hypothesis that the amount of protein from each treatment for a spot is equal. By sorting the list of spots into ascending order based on the p-values gives an ordered list of proteins that are present in different amounts from the statistically most likely to the least likely. This list of proteins is available for gels of pI 3-10 and pI 4-7 of RHA280/801 and HA89/341 sunflower inbreds (Supplemental Tables 1, 2 , Supporting Information). The list of protein spots sorted in ascending order by p-values was used to select 2-DE spots within 10% FDR upper bound.
In the DIGE comparison of low versus high oil content lines (RHA280 vs RHA801), 69 2-DE spots were found within 10% FDR in the gel of pI 4-7 and an additional 8 in the pI range 7-10 of the gel pI 3-10 (Supplemental Table 1 ). In the case of low versus high oleic acid lines (HA89 vs HA341), 41 spots satisfied 10% FDR from the gel of pI 4-7 and only one from the pI region of 7-10 of gel pI 3-10 (Supplemental Table 2 ). Analysis of these differential proteins by plotting as log expression ratios indicated a higher proportion of proteins upregulated in both the reduced oil and oleic acid lines when compared to their higher oil and oleic acid counterparts ( Figure 3) .
All differential spots were excised from the corresponding preparative 2-DE gels, digested with trypsin, and identified by LC-MS/MS. Out of 119 2-DE statististically significant spots from the RHA280/801 and HA89/341 pairwise analyses, 61 spots 
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were successfully identified (Supplemental Tables 3, 4 , Supporting Information). Therefore, this is only a fractional view of the differential proteins between these sunflower inbreds. Although sunflower has relatively limited gene resources for data mining, a 51% identification frequency was achieved by searching three different databases that contains sunflower cDNA sequences: NCBInr, UniGene, and TIGR. Despite some level of redundancy, querying all three databases together enabled a higher number of protein assignments. The 44 differential proteins between the oil content lines belonged to 10 different functional classes and 16 subclasses. Metabolism, energy, and protein storage related proteins accounted for 18, 27, and 20% of the identified proteins, respectively. Two differential spots (247, 268) mapped to specific gene products that did not show strong homology to any entries in NCBI. Interestingly, the transcript for Han.2388 (spot 247) was found exclusively in developing embryo libraries. In contrast, the 17 differential proteins for varieties altered in oleic acid composition mapped to 8 functional classes and 12 subclasses.
Discussion
Seed oil content is a complex trait that has been selectively bred into numerous crop plants but so far uncharacterized at the molecular level. The reasons for this are various but largely due to the infancy of systems biological approaches and the lack of requisite resources (e.g., microarray chips) to perform such research with crop plants. However, it has been demonstrated that proteomics research requires only the availability of large, annotated cDNA datasets for data mining. With the recent development of these resources for sunflower, we have initiated the first proteomic analysis of oil content and composition in this oilseed crop.
A Three
Step Statistical Approach to Characterize Differentially Expressed Proteins. Two-dimensional DIGE has only recently been used as a quantitative proteomics approach in plants. 10, 11 We demonstrate here the use of this technique for identifying seed oil content and composition markers from near isogenic sunflower lines altered for these traits by breeding. Although there have been numerous statistical analyses performed with DIGE investigations, there is presently no consensus strategy for identifying differential proteins. 31, 34, 35 We present here an alternative that is simple yet robust for minimizing false-positives.
We started with a list of spots common to multiple gels. Then we modeled the global differences between gels as a statistical random effect and the dye that is being observed as a statistical fixed effect. Once these known sources of measurement error are accounted for, we compared the common spot by treatment (type of sample) effect across multiple gels using a t test. This gave us a spot by treatment p-value measure of dissimilarity that is adjusted for the reproducibility of the spot intensities across multiple gels. If this list is sorted into ascending order on p-value, then we have an ordered list of spots with those that are most likely to be present in different concentrations appearing at the top of the list. A false discovery rate (FDR) of 10% was then used to characterize the entire data set. FDR is used extensively in microarray transcript profiling experimentation and has also been used by a few groups to characterize proteome data sets. 9, 31, 34, 35 In this paper, we applied FDR for selection of deferentially expressed spots. FDR is a statistical procedure that is effective in correcting for multiple simultaneous hypothesis tests. The 2-DE DIGE-based differential proteomics approach aims to . The gels were matched and relative volumes for each spot were calculated. Statistical modeling was used to determine predicted value with error of prediction for each analyzed 2-DE spot. This value was used to calculate expected difference of expression and its standard error for each spot. Two-sample t test was used to calculate probability of 2-DE spots to be differentially expressed (p-value). Finally, to generate list of statistically confidently differentially expressed 2-DE spots, a cutoff false discovery rate of 10% was applied to the p-values for the spot list. These proteins were excised from preparative CBB-stained gels, digested with trypsin, and analyzed by LC-MS/MS. Figure 3 . Differentially expressed proteins from statistical analysis of DIGE gels. Protein spots were statistically analyzed as described in Figure 2 and all differential spots were expressed as a log(base 10) ratio of high/low oil (upper panel) and high/ low oleic acid (lower panel). The number of differential proteins was 77 and 42 for the oil content and oleic acid composition lines, respectively.
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Journal of Proteome Research E identify protein spots with different concentrations on the same gel. For spots that are common to a set of gels, it is possible to compute the mean intensity and variance in intensity, correcting for the individual gel variability. With this information, a t-type test together with p-value for each protein 2-DE spot can be performed. However, the p-value from this type of test is correct only for the hypothesis tested. Because, in this case, there are many spots per gel, testing of multiple hypotheses simultaneously occur. The FDR procedure allowed us to specify the probability of elements on an ordered list being incorrect. 26, 27 It should be noted that the statistical workflow described here was designed to minimize false-positive differentially expressed proteins. A Student t test analysis (as standard for ImageMaster software) to discover differential proteins, by itself, may suggest additional differential protein spots. However, the confidence associated with Student t test analyses is lower which could yield a higher frequency of false-positives. Because the purpose of this investigation was to discover markers for seed oil content, with the intent of pursuing these at the biochemical and molecular levels, it was important to have a high burden of proof for differential expression.
Differential Expression of Glycolysis, Amino Acid Biosynthesis, and Storage Proteins in Low versus High Oil Sunflower Lines Suggests Cross-Talk between Protein and Oil Storage.
Oil content is approximately 2-fold higher in mature seeds from RHA801 versus RHA280 cultivars. The potential metabolic shift that produced this difference in oil content was predicted to be most prominent during mid-seed development. This is based upon previous proteomic studies of seed filling in soybean and rapeseed that revealed enzymes involved in sucrose assimilation, glycolysis, and de novo fatty acid synthesis are all prominent at this period of seed development. 23, 24 Because oil content is a complex trait possibly involving multiple intermediary metabolic pathways in addition to de novo fatty acid synthesis, we expected to observe more protein expression differences between the RHA280 and 801 lines than a parallel analysis of inbred lines varying in oleic acid composition, which is largely determined by a single desaturase activity, FAD2. 7 Indeed, 77 protein spots were differentially expressed in the oil content inbred lines versus 42 differential proteins for the two inbred lines varying in oleic acid composition. These proteins were landmarked on a preparative 2-DE gel and analyzed by LC-MS/MS resulting in assignments for 44 and 17 for the lines varying in oil and oleate, respectively. The 44 and 17 differentially expressed proteins identified between RHA280/801 and HA89/341 comparisons, respectively, were classified based on their function (Table 1; Supplemental  Table 3 and 4). The two main metabolic processes that were affected in the oil content lines were glycolysis and amino acid metabolism. Glycolytic enzymes fructokinase (spots 357, 362) and plastid phosphoglycerate kinase (PGA kinase, spot 406) were slightly higher in RHA801, whereas enolase 2 (spot 139) was strongly upregulated in the high oil line (Figure 4) . Previous proteomic analysis of seed filling in soybean 23 and rapeseed 24 indicated high expression levels of sucrose synthase (SuSy) but not invertase, suggesting that sucrose assimilation proceeds principally through SuSy. Because fructose is one of the products of SuSy (UDP-glucose is the other), it is possible that fructokinase, in collaboration with SuSy, could play an important role in phloem unloading during seed filling in sunflower. Interestingly, tomato fructokinase has previously been shown to have unusual regulatory properties and may play a major role in sink strength of developing fruit. 36, 37 Because phosphoenolpyruvate (PEP) is the likely precursor for plastid de novo fatty acid synthesis during seed development, 23, 24, 38 enolase could be important in "pulling" glycolyticand RuBisCO-generated 3-phosphoglycerate (3-PGA) into PEP and, therefore, de novo fatty acid synthesis. This model would presume that 3-PGA and 2-PGA are in equilibrium through phosphoglycerate mutase. Although a second enolase form (spot 487) was reduced in RHA801, this was only a 65% reduction compared to a 296-fold induction of enolase 2, one of the most strongly induced protein spots in this entire study. The appearance and differential expression of multiple enolase isoforms may point to complex regulation for PEP production in sunflower.
It is less clear how PGA kinase is involved, because the plastid form (spot 406) is 48% higher in RHA801, whereas the cytosolic form (spot 378) is approximately 200-fold lower. Because plastid PGA mutase and enolase activities have never been reported in plants and there are no apparent gene products in Arabidopsis, RuBisCO-generated 3-PGA must exit the plastid for conversion to PEP. If the bulk flow of 3-PGA is toward PEP, reduction of cytosolic PGA kinase (a reversible reaction) could limit retrograde glycolytic flow, particularly when coupled to increased enolase expression.
Cytosolic phosphoglucomutase (PGM, spot 564) and phosphofructokinase (PFK, spot 542) were 51-and 124-fold induced, respectively, in the low oil RHA280 line. Because PGM is involved in starch synthesis/breakdown, which is transiently stored in developing embryos, it is highly probable that a temporal and perhaps diurnal relationship exists with PGM and/or PFK activity. Such scenarios will likely require further developmental analysis of these activities to fully understand their role in developing sunflower seed. Alternatively, induction of these activities in the low oil line could be a response to the years of breeding this confection variety for increased seed size, which was produced at the expense of oil content dry mass. For example, induction of some metabolic activities in RHA280 could be a compensatory response for reducing seed oil below the genetically programmed setpoint (e.g., beta-ketoacyl-ACP synthetase 1, spot 430) or a concomitant response to redirect carbon from oil into starch or protein.
Four enzymes associated with amino acid metabolism (spots 474, 483, 524, and 601) were highly upregulated in RHA280. Additionally, the 12S CRA1 storage protein (spots 284, 297), and a protein with similarity to a legumin protein (spot 238) were each induced in low oil RHA280 line, whereas an 11S globulin storage protein form was more prominent in RHA801. These data suggest amino acid and storage protein synthesis are perturbed either in response or in conjunction with oil content alterations. Furthermore, aspartic (spot 279) and cysteine proteases (spot 350) and proteasome subunit (spot 271) were also differential in these oil lines, perhaps suggesting protein turnover and processing are also affected.
Collectively, these data suggest that glycolysis is at least fractionally induced in high oil RHA801. In contrast, amino acid biosynthesis and seed storage proteins appear to be enhanced in the low oil RHA280 variety. This apparent metabolic crosstalk between oil and protein content in seeds is not particularly surprising as it has been observed in breeding lines of soybean, [39] [40] [41] Brassica, 42, 43 and sesame 44 that oil and protein levels are negatively correlated. It was also shown that increased expression of the major seed storage proteins contribute to the research articles Hajduch et al.
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high-protein trait observed in high protein soybean varieties. 40 Surprisingly, enzymes involved in de novo fatty acid synthesis were not apparently induced in the high oil RHA801 line. This could be due to their under-representation by 2-DE or developmentally late regulated control of these activities in sunflower.
Interestingly, three 2-DE spots identified as probable major protein body membrane protein MP27 (spots 332, 341, and 342 on Figure 4 ; spots 281 and 566 on Figure 5 ) were detected to be more abundant in the low oil RHA280 and low oleic acid HA89, when to compared to high oil RHA801 and high oleic acid HA341, respectively. In both RHA801 and HA341 inbreds, different translational factors were found to be more prominent than in RHA280 and HA89 (spots 105, 108, Figure 4 ; spot 140, Supplementary Table 2 ). Interestingly, one transcription factor was also found to be associated with high oleic acid content of HA341 (spot 145, Supplementary Table 2) . Additionally, it appears that 14-3-3 proteins might be associated with changes in high oleic acid content of HA341, as this was one of the most strongly induced proteins in this study (spots 45 and 50, Figure  5 ). It is known that 14-3-3 proteins bind to phosphoproteins and are involved in the regulation of diverse processes including starch biosynthesis in plastids. 45 Interestingly, two isoelectric species of stearoyl-ACP desaturase was recently identified from a phosphoproteomic screen of developing rapeseed proteins. 46 Perhaps 14-3-3 proteins are also involved in the regulation of fatty acid and more specifically oleic acid biosynthesis. 
Conclusions
Seed oil content is a complex trait, likely influenced by multiple genes and tightly controlled to maximize individual seed fecundity and total seed production. This is evident based upon the study of a seed-specific, dominant negative mutant for plastid heteromeric acetyl-CoA carboxylase (ACCase), the committed step for de novo fatty acid synthesis. 4 Early first and second generations of this transgenic mutant had an increased frequency of seed abortion while viable seed was 25% lower in oil content on average. Therefore, due to the central importance of triacylgycerol as a storage reserve for embryo germination, it is possible that some of the protein expression changes observed in the sunflower oil content lines could be pleiotropic, a consequence of the low (or high) oil trait instead of the cause. This remains the major challenge in analyzing proteomics data from comparative studies such as these, because the data at present does not distinguish between these two possibilities.
During seed filling, there is a dramatic level of protein turnover and de novo synthesis; 23, 24 therefore, it will be important to perform a developmental analysis of the seed proteins expressed in these sunflower varieties to get a more complete depiction of the protein regulatory changes occurring either directly or indirectly as a result of targeted oil content breeding programs. Global shifts or alterations in the developmental timing of reserve deposition could also partly explain the near doubling of oil content in RHA801. For this reason and also to potentially identify each of the differential protein spots, an in-depth developmental study of these two oil content varieties is warranted. This work demonstrates that proteomics is a useful approach to characterize complex traits using near isogenic germplasm. This proof-of-principle example demonstrates that unlike genomics research, proteomics provides the plant biochemist the ability to systematically analyze crop plants in the absence of genome information and prior to the development of microarray chips.
Abbreviations: 2-DE, two-dimensional gel electrophoresis; DAF, days after flowering; DIGE, difference gel electrophoresis; FDR, false discovery rate; IPG, immobilized pH gradient; PEP, phosphoenolpyruvate; PGA, phosphoglycerate; PGM, phosphoglucomutase; PFK, phosphofructokinase; RuBisCO, ribulose 1,5-bisphosphate carboxylase/oxygenase.
